The c-Jun NH 2 -terminus kinase (JNK) mediates stress-induced apoptosis and the cytotoxic effect of anticancer therapies. Paradoxically, recent clinical studies indicate that elevated JNK activity in human breast cancer is associated with poor prognosis. Here, we show that overexpression of a constitutively active JNK in human breast cancer cells did not cause apoptosis, but actually induced cell migration and invasion, a morphologic change associated with epithelial-mesenchymal transition (EMT), expression of mesenchymal-specific markers vimentin and fibronectin, and activity of activator protein transcription factors. Supporting this observation, mouse mammary tumor cells that have undergone EMT showed upregulated JNK activity, and the EMT was reversed by JNK inhibition. Sustained JNK activity enhanced insulin receptor substrate-2-mediated ERK activation, which in turn increased c-Fos expression and activator protein activity. In addition, hyperactive JNK attenuated the apoptosis of breast cancer cells treated by the chemotherapy drug paclitaxel, which is in contrast to the requirement for inducible JNK activity in response to cytotoxic chemotherapy. Blockade of extracellular signal-regulated kinase activity diminished hyperactive JNK-induced cell invasion and survival. Our data suggest that the role of JNK changes when its activity is elevated persistently above the basal levels associated with cell apoptosis, and that JNK activation may serve as a marker of breast cancer progression and resistance to cytotoxic drugs. Mol Cancer Res; 8(2); 266-77. ©2010 AACR.
Introduction
The c-Jun NH 2 -terminus kinase (JNK), also called the stress-activated protein kinase (SAPK), belongs to the mitogen-activated protein kinase family, which also includes the extracellular signal-regulated kinase (ERK) and p38 mitogen-activated protein kinase (1, 2) . JNK is activated by two dual-specificity kinases, MKK4 and MKK7, which phosphorylate the conserved Thr-Pro-Tyr motif in its kinase domain. JNK is stimulated by environmental stresses, mitogens, and oncogenes. One of the most extensively studied functions of JNK is its induction of apoptosis through the release of mitochondrial cytochrome c under stress conditions (3, 4) .
Once activated, JNK can translocate to the nucleus in which it regulates transcription factors such as c-Jun, ATF-2, Elk-1, p53, and c-Myc. Less is known about the cytoplasmic targets of JNK. It has been shown that Rasinduced transformation requires c-Jun and is suppressed by mutation of the JNK phosphorylation sites on c-Jun (5, 6) . Similarly, the transforming capability of other oncogenes such as Met and Bcr-Abl depends on JNK (7, 8) , as does invasive epidermal neoplasia triggered by NF-κB deficiency and Ras activation (9) .
Studies using mouse embryonic fibroblasts have shown a requirement for JNK in UV and tumor necrosis factor-α-induced apoptosis (1, 2) . JNK can also sensitize breast cancer cells to apoptosis induced by antitumor agents (10, 11) , and this effect may depend on the cell cycle (12) . Interestingly, emerging evidence has indicated that JNK can also contribute to cell survival. For example, JNK1 and JNK2 double-null mouse embryos exhibit increased apoptosis within the forebrain (13) , and JNK is required for extracelluar matrix-elicited survival signaling (14) . In addition, the proapoptotic protein BAD can be inactivated by JNK (15) . It has been postulated that cell signaling context may define the role of JNK in apoptosis or survival (16) .
Much attention has been focused on the role of JNK in anticancer agent-induced apoptosis. If JNK activity is required for stress-induced apoptosis of cancer cells, then higher or sustained activity of JNK might be assumed to favor spontaneous apoptosis or growth inhibition. However, recent studies of human tumor specimens, including breast cancer, showed a correlation between elevated JNK activity and worse clinical outcome (17) (18) (19) (20) (21) . This surprising finding is the basis for our hypothesis that a sustained increase in JNK activity may promote human breast cancer progression. In the present study, we investigated the role of hyperactive JNK in breast cancer cell models. We found that hyperactive JNK enhances the invasion and survival of breast cancer cells by increasing ERK signaling.
Materials and Methods

Materials
All general experiment materials and chemicals were from Sigma unless otherwise noted. The small-molecule inhibitors SP600125 and U0126 were purchased from Calbiochem. All cell culture and transfection reagents were purchased from Invitrogen. Dunn chambers and cell invasion chambers were purchased from Hawksley and BD Biosciences, respectively. A dominant-negative c-Fos (AFos) vector was provided by Charles Vinson (Laboratory of Biochemistry, National Cancer Institute, NIH).
Cell Culture
MDA-MB-468 breast cancer cells were obtained from the Breast Center at Baylor College of Medicine. Mouse breast cancer cell lines 67NR, 168FAR, 4T07, and 4T1 were provided by Fred Miller (Wayne State University, Detroit, MI). Cells were routinely maintained in DMEM supplemented with 10% fetal bovine serum, 2 mmol/L glutamine, 50 IU/ mL of penicillin, 50 μg/mL of streptomycin, and 10 μg/mL insulin. Cells were kept at 37°C in a humidified incubator with 5% CO 2 . After treatment with paclitaxel or signaling inhibitors, cells were washed twice with ice-cold PBS and then lysed in 200 μL of lysis buffer, which contained 50 mmol/L Tris-HCl (pH 7.4), 1% Nonidet P-40, 2 mmol/L EDTA, 100 mmol/L NaCl, 10% glycerol, and a fresh protease inhibitor cocktail (Roche). Then, cells were left on ice for 30 min, and the lysates were clarified by centrifugation at 14,000 × g for 15 min at 4°C. Protein concentration of the supernatant was measured by BCA detection reagents (Pierce). The MTT cell proliferation assay was done as previously described (22) . Cells were plated at a density of 10 4 in 24-well plates. Spectrophotometrical absorbance was obtained at a wavelength of 570 nm.
Transfection
To increase cellular JNK activity, we used a constitutively active JNK, SAPKβ-MKK7. This chimeric protein of SAPKβ and its upstream activator MKK7 was a gift from Ulf Rapp (University of Wurzburg, Wurzburg, Germany; ref. 23 ). MDA-MB-468 cells were stably transfected with SAPKβ-MKK7 in pcDNA3.1 using Lipofectamine 2000 (Invitrogen), and 600 μg/mL G418 were used to select stable clones. For simplicity of interpretation, effects of this constitutively active JNK are reported here for pooled stable transfectants or two representative clones. A lentiviral construct pLKO-Puro (Sigma) expressing a mouse JNK2 short hairpin RNA (shRNA) (GCGGACTCAACTTTC ACTGTTCT) was stably transduced into 4T1 cells, which were then selected with 5 μg/mL puromycin. This shRNA is upstream of the α/β and p46/p54 splicing sites, thus targeting all JNK2 isoforms. A shRNA that does not match any known human coding cDNA was used as an experimental control. In the small interfering RNA (siRNA) experiments, IRS-2, c-Jun, and c-Fos siRNA were obtained from Dharmacon. A final concentration of 100 nmol/L was used in the transfection. Two days after transfection, cells were subjected to invasion assays. A dominant-negative JNK (APF) mutant, provided by Tse-Hua Tan (Baylor College of Medicine, Houston, TX), was transiently transfected into cells. After 2 d of culture, cell lysates were harvested and then immunoblotted for IRS-2.
Quantitative Reverse Transcription-PCR
Total RNA was isolated with the RNeasy Midi kit (Qiagen). SYBR green quantitative reverse transcription-PCR (RT-PCR) was conducted using vimentin primers (forward 5′-CAACCTGGCCGAGGACAT-3′, reverse 5′-ACG-CATTGTCAACATCCTGTCT-3′) and fibronectin primers (forward 5′-CCGCCGAAT GTAGGACAAGA-3′, reverse 5′-TGCCAACAGGATGACATGAAA-3′). Reverse transcriptions of vimentin and fibronectin mRNA were done in 96-well optical plates using SuperScript II reverse transcriptase. All RNA samples were first treated with DNase I to eliminate residual genomic DNA. The plates were incubated at 50°C for 30 min followed by 10 min at 72°C. Then, real-time quantitative PCR was conducted in an ABI PRISM 7700 Sequence Detector (PE Applied Biosystems). The plates were incubated at 94°C for 1 min, followed by 40 cycles at 94°C for 12 s and 60°C for 30 s. Quantitative RT-PCR was done in triplicate for each sample. Vimentin and fibronectin mRNA data were normalized by the β-actin mRNA value.
Immunoblotting and Immunoprecipitation
Total protein (40 μg) was separated by 8% SDS-PAGE and transferred to a nitrocellulose membrane overnight at 4°C. The remaining steps were conducted according to a standard immunoblotting protocol. Briefly, the membrane was blocked with PBS plus 0.1% Tween 20 (PBST) containing 5% nonfat milk for 1 h, and then incubated with a 1:1,000 dilution of anti-JNK, anti-p-JNK, poly ADP ribose polymerase (PARP; Cell Signaling), vimentin, fibronectin (BD Biosciences), or anti-β-actin (Sigma) antibodies in blocking solution at 4°C for 12 h. After the primary antibody incubation, the membrane was again washed with PBST thrice (5 min each) and then incubated with a horseradish peroxidase-linked secondary antibody (Amersham) at a dilution of 1:4,000 in blocking solution.
The membrane was washed and bands were visualized by chemiluminescence assays. For immunoprecipitation, cell lysates (500 μg) were precleared by protein-G agarose beads (Zymed Laboratory) and then incubated with specific antibodies at a 1:100 dilution overnight at 4°C. The beads were washed with the above lysis buffer thrice and resuspended in protein sample buffer before the immunoprecipitated protein was subjected to immunoblotting.
Apoptosis Assay
Cells were maintained in culture medium. For flow cytometry analysis of DNA content, paclitaxel-treated cells (0.01 μmol/L) were collected by trypsinization and washed with cold PBS. Then, the cells were fixed in 70% ethanol and stored overnight at 4°C. The fixed cells were washed twice and resuspended in PBS containing 100 μg/mL RNase A and 50 μg/mL propidium iodide. After an hour of incubation at room temperature, the cells were analyzed by flow cytometry using a BD FACSCalibur. The cytotoxicity assay was done according to the instruction manual (Promega). Briefly, cells were grown in 96-well plates. A nonmembrane-permeable fluorogenic substrate peptide (bis-alanyl-alanyl-phenylalanyl-rhodamine 110) was added to the culture. The number of dead cells was determined by the activity of tripeptidyl peptidase released from the cytoplasm during complete cell membrane breakdown. The released peptidase cleaved the labeled extracellular peptide to generate fluorescence that was measured by a microplate reader. To visualize apoptotic cells, propidium iodide (5 μg/mL) and SYTO-13 green fluorescent nucleic acid dye (1 μmol/L; Invitrogen) were added to the culture medium. After 15 min, cells were examined under a fluorescent microscope using excitation at 488 nm. Propidium iodide produces the red staining of necrotic or late apoptotic cells, whereas SYTO-13 produces the green staining of live cells and early apoptotic cells.
Activator Protein Activity Assay
Cells were collected and kept in an ice-cold hypotonic buffer [20 mmol/L HEPES (pH 7.5), 5 mmol/L NaF, 10 μmol/L Na 2 MoO 4 , and 0.1 mmol/L EDTA] for 15 min. Then, NP40 (0.5% final) was added and suspension was vortexed vigorously for 10 s. After centrifugation, the nuclear pellet was resuspended in an extraction buffer [20 mmol/L HEPES (pH 7.9), 0.4 mol/L NaCl, and 1 mmol/L EDTA]. Supernatant (nuclear extract) was retained after a second centrifugation. The binding assay was done according to the instruction manual. Samples (10 μg) were added to 96-well plates coated with an oligonucleotide that contains the activator protein (AP-1) consensus site 5′-TGAGTCA-3′. After 1 h of incubation at room temperature, primary antibodies of distinct AP-1 components were added; subsequent addition of horseradish peroxidase-conjugated secondary antibody produced a sensitive colorimetric readout quantified by spectrophotometry at the 450-nm wavelength. An AP-1-luciferase reporter construct (pGL3-AP-1), provided by Powel Brown (Baylor College of Medicine, Houston, TX), was also used to detect AP-1 activity. The plasmid and a β-galactosidase vector were transiently transfected into cells. Then, the ERK inhibitor U0126 was added and cells were harvested after 24 h. Luciferase activity was measured and normalized by β-galactosidase activity.
Cell Migration and Invasion Assay
Cell migration was measured using the Dunn chamber assay (Hawksley). Briefly, 2 × 10 4 cells were plated on a Dunn chamber coverslip, which was later inverted over the two wells in the center of the chamber filled with serum-free medium. The outer well contained DMEM with 10% serum as a chemoattractant. A paintbrush was used to wax the coverslips onto the chamber. After overnight incubation, more cells migrated into the annular bridge between the inner and outer walls. Cell migration ability was represented by an increase of cell number after overnight incubation in the bridge region. Cells were counted in five different areas. For detecting cell invasion in vitro, Boyden chamber inserts were coated with a thin layer of Matrigel basement membrane matrix. Briefly, 2 × 10 4 cells were plated on the top of the inserts, which were then transferred into a 24-well plate. Each well contained DMEM with 10% serum as a chemoattractant. After 16 h of incubation, cells remaining on the upper surface of the chambers were removed with cotton swabs. Cells on the lower surface of the inserts were fixed and stained with the HEMA3 kit (Fisher). The membrane was then mounted onto a microscope slide and the migrating cells were counted in five different areas using a light microscope.
Human Apoptosis Protein Array
To compare the levels of apoptosis-related proteins under different treatment conditions, a human apoptosis protein array (R&D Systems) was used according to the manufacturer's instructions. Briefly, protein lysates (400 μg) from control or CA-JNK-expressing MDA-MB-468 cells were loaded onto an array membrane that had been blocked with PBST plus 5% nonfat milk for 1 h. The membrane was incubated overnight at 4°C, washed thrice for 5 min each with PBST, and then incubated with a horseradish peroxidase-linked secondary antibody at a dilution of 1:4,000 in blocking solution. After the membrane was washed, bands were visualized by chemiluminescence assays. Densitometry of protein dot signals was obtained. The average density of duplicate spots representing each apoptosis-related protein indicated its relative levels. To compare the spot density from different membranes, relative density was used (relative density = mean density of each protein/mean density of positive control × 100%). Protein expression levels in control MDA-MB-468 were compared with those in CA-JNK-expressing cells.
Results
Constitutive JNK Activity Induces Migration and Invasion
To explore the role of JNK in breast cancer progression, we asked whether increasing JNK activity would alter breast cancer cell functions. For this purpose, we ectopically expressed a constitutively active JNK, SAPKβ-MKK7 (CA-JNK), a fusion protein of JNK, and its upstream activator MKK7, in MDA-MB-468 human breast cancer cells (23) . We previously used this cell line to show that JNK signaling is induced and used by growth factors to regulate cell functions (24) . Of note, effects of this constitutively active JNK are described here for pooled or two representative stable transfectants. Immunoblotting with an anti-p-JNK antibody (Thr183/Tyr185) showed persistent phosphorylation of CA-JNK (90 kDa) at the Thr-ProTyr motif of JNK under normal growth conditions (Fig.  1A) , which indicates constitutive activation of this fusion protein. As expected, levels of total and phosphorylated endogenous JNK (p46 and p54) were not altered in vectorand CA-JNK-expressing cells. As illustrated in Fig. 1B , ectopic expression of hyperactive JNK did not affect the proliferation of MDA-MB-468 cells. In addition, caspase-3 staining and flow cytometry analysis showed that expression of CA-JNK did not induce spontaneous cell apoptosis or alter cell cycle progression in MDA-MB-468 cells (data not shown).
Because JNK is required for cell movement (25), we used the Dunn chamber migration assay to assess whether sustained JNK activity leads to enhanced cell motility. As shown in Fig. 1C , overexpression of CA-JNK significantly potentiated the migration of MDA-MB-468 breast cancer cells. In addition, hyperactive JNK also rendered MDA-MB-468 cells more invasive (Fig. 1D) , as shown by the Transwell invasion assay. The increase of cell migration and invasion by CA-JNK was abolished using the small-molecule JNK inhibitor SP600125 (Supplementary Fig. S1 ).
Insulin-like growth factors (IGF) are critically involved in breast cancer progression. Previously, we reported that a constitutively active type I IGF receptor (CD8-IGF-IR) causes transformation of MCF-10A human mammary epithelial cells accompanied by a dramatic increase in cell invasion (26) . Thus, we explored whether sustained JNK activity could be induced by the overexpression of CD8-IGF-IR. Western blot analysis showed that levels of phosphorylated JNK were persistently elevated in CD8-IGF-IR-transformed mammary epithelial cells, whereas levels of total JNK were unchanged (Fig. 1E) . Furthermore, the Transwell invasion assay showed that blocking JNK activity with a widely used small-molecule JNK inhibitor SP600125 abolished the increase of cell invasion by CD8-IGF-IR (Fig. 1F) , whereas the ERK inhibitor U0126 had a much less profound effect ( Supplementary  Fig. S2 ), suggesting that sustained JNK activity is involved in the IGF-IR effect on breast cancer cell invasion. In summary, these data show that hyperactive JNK can potentiate cell migration and invasion without eliciting cell apoptosis.
Constitutive JNK Activity Induces Partial EMT
Epithelial-mesenchymal transition (EMT) is a complex process associated with alterations in epithelial cell junctions, changes in cell morphology, reorganization of the cell cytoskeleton, expression of fibroblastic markers, and enhancement of cell motility and invasiveness (27) . We found that ectopic expression of CA-JNK caused MDA-MB-468 cells to partially shed their cuboidal morphology and acquire instead a more elongated shape, to some extent reminiscent of mesenchymal cells (Fig. 2A) . To examine whether mesenchymal markers were induced, we performed immunoblotting. As presented in Fig. 2B , the expression of vimentin and fibronectin was dramatically upregulated by CA-JNK and levels of α-smooth muscle actin were moderately but consistently elevated, whereas N-cadherin was not detected in control cells or stable transfectants (data not shown). In contrast, there were no significant changes in the levels of epithelial cell-specific proteins such as E-cadherin and β-catenin. This suggests that constitutive JNK activity can partially program the EMT process by orchestrating the expression of specific mesenchymal markers.
To ascertain whether the increase of vimentin and fibronectin occurs through a transcriptional mechanism, we performed quantitative RT-PCR. As expected, vimentin and fibronectin RNA levels were increased by 3.0-and 2.5-fold, respectively, in MDA-MB-468 cells expressing CA-JNK compared with the control cells (Fig. 2C) .
To confirm that JNK may be involved in EMT, we also exploited four mouse breast cancer cell lines (67NR, 168FAR, 4T07, and 4T1) derived from a mammary tumor in a wild-type mouse (28) . Of these four cell lines, only 4T1 cells can spontaneously metastasize to lungs and other organs when transplanted into the mammary glands of mice, providing a model of stage IV breast cancer. 4T1 cells reportedly have undergone EMT (29) . In our study, immunoblotting showed similar total JNK levels among the four cell lines, but only 4T1 cells possessed sustained JNK activation (Fig. 2D) . Because JNK2 was found to be the dominant JNK isoform in 4T1 cells (data not shown), we stably transduced a JNK2 shRNA lentiviral construct into 4T1 cells. Total JNK levels and cell invasion were dramatically reduced in these JNK2 shRNA-expressing cells ( Fig. 2E and F) , which was further substantiated by the blockade of 4T1 cell invasion with SP600125 ( Supplementary Fig. S3 ). JNK2 knockdown caused fibroblast-like 4T1 cells to become cobblestone like (Fig. 2G ) and reduced the expression of fibroblast markers, particularly fibronectin and vimentin (Fig. 2H) . Moreover, ectopic expression of CA-JNK in weakly invasive 67NR mouse breast cancer cells enhanced cell invasion (Supplementary Fig. S4 ). Collectively, these data further support a role of JNK in the regulation of EMT.
Hyperactive JNK Upregulates AP-1 Activity
Because JNK is an activator of AP-1, we postulated that AP-1 activity would be upregulated in breast cancer cells with constitutive JNK activity. Thus, we performed Western blotting of the AP-1 components c-Jun and c-Fos. As illustrated in Fig. 3A , total levels of c-Jun and c-Fos were markedly elevated by the expression of CA-JNK. Phosphorylation of c-Jun at Ser73 was also increased. To confirm that AP-1 activity was increased in CA-JNK-expressing breast cancer cells, we isolated nuclear proteins and tested the binding of different AP-1 components to the consensus oligonucleotide 5′-TGAGTCA-3′ using ELISA. As shown in Fig. 3B , DNA binding capacity increased for c-Jun and c-Fos, but not for FosB, JunB, and JunD. Next, we examined whether the enhanced AP-1 activity contributed to cell invasion induced by hyperactive JNK. We ectopically expressed a dominant-negative c-Fos (A-Fos) in CA-JNKoverexpressing cells (30) . As illustrated in Fig. 3C , inhibition of AP-1 by A-Fos impaired cell invasion. Cell migration and expression of vimentin and fibronectin were also decreased by A-Fos overexpression (data not shown). Consistently, inhibition of AP-1 by c-Jun or c-Fos siRNA also impeded cell invasion induced by hyperactive JNK (Fig. 3D) . Taken together, these data suggest that JNK may increase cell migration and invasion in part by upregulating AP-1 activity. 
Hyperactive JNK Induces ERK Activation
Because both ERK and JNK are potently activated by the epidermal growth factor in MDA-MB-468 cells (24) , and ERK is involved in cell migration, invasion, and EMT (31), we speculated that hyperactive JNK might modulate ERK activation. To address this question, we compared phosphorylated ERK levels in control and CA-JNKexpressing MDA-MB-468 cells using immunoblotting. As illustrated in Fig. 4A , expression of the hyperactive JNK dramatically elevated levels of ERK phosphorylation, but did not change total ERK levels.
Next, we tested whether enhanced ERK activation could affect CA-JNK-induced cell invasion. To this end, we used the small-molecule inhibitor U0126 to block ERK activity and performed Boyden chamber Transwell invasion assays. As illustrated in Fig. 4B , ERK inhibition largely suppressed cell invasion elicited by CA-JNK, suggesting that increased ERK activation mediates the effects of hyperactive JNK on breast cancer cell invasion.
It is well established that ERK can upregulate c-Fos transcription (32) . To investigate whether increased ERK activity was involved in the induction of AP-1 by hyperactive JNK, we pretreated CA-JNK-expressing MDA-MB-468 cells with the ERK inhibitor U0126. Immunoblotting showed that ERK inhibition suppressed the c-Fos increase but did not affect c-Jun expression (Fig. 4C) . To further establish the role of ERK in the regulation of AP-1 by hyperactive JNK, we transiently transfected the CA-JNKexpressing cells with an AP-1-luciferase reporter construct and then treated the cells with U0126. As illustrated in Fig. 4D , ERK inhibition reduced the AP-1-driven luciferase activity.
Previously, we showed that the epidermal growth factor/ JNK/AP-1 pathway upregulates a critical signaling scaffold protein IRS-2 in MDA-MB-468 cells (24) . In the present study, we found that CA-JNK induced IRS-2 expression in MDA-MB-468 cells, which was abolished by the JNK inhibitor SP600125 or a dominant-negative JNK (APF) mutant (Supplementary Fig. S5 ). Notably, IRS-2 levels were elevated in 4T1 mouse breast cancer cells ( Supplementary  Fig. S6A ), which possess constitutively active JNK (see Fig. 2D ). Overexpression of IRS-2 enhanced the invasion of weakly invasive 67NR mouse breast cancer cells (Supplementary Fig. S6B ). IRS-2 is essential for breast cancer cell migration and invasion (33, 34) . In support of this notion, IRS-2 knockdown by siRNA impaired the invasion abilities of both 4T1 cells (Supplementary Fig. S6C ) and CA-JNKexpressing MDA-MB-468 cells (Fig. 4E) . In addition to playing critical roles in insulin and IGF signaling, IRS-2 is involved in cytokine, growth hormone, and integrin signaling. A well-characterized feature of the activated IRS proteins is their association with the growth factor receptor binding protein 2 (35) , leading to the activation of the Ras/Raf/ERK pathway. To examine whether IRS-2 was involved in the elevation of ERK activity elicited by hyperactive JNK, we used siRNA to knock down IRS-2 (24) . Immunoblotting indicated that suppression of IRS-2 expression in CA-JNK-expressing cells reduced the levels of ERK phosphorylation and c-Fos but did not affect total ERK levels (Fig. 4F) . Taken together, our data indicate that JNK induce breast cancer cell invasion by increasing ERK/ AP-1 signaling through IRS-2.
Sustained JNK Activity Reduces Cell Sensitivity to the Chemotherapy Agent Paclitaxel JNK elicits anticancer drug-elicited cell apoptosis when it is slowly activated over a long time course (10, 11) . JNK can also mediates cell survival when it is activated in a rapid and transient fashion by growth factors (36) . Thus, hyperactive JNK may be assumed to trigger apoptosis. Interestingly, after 4T1 cells, which have constitutively active JNK, were treated with the chemotherapy drug paclitaxel in the presence or absence of the JNK inhibitor SP600125, propidium iodide and SYTO-13 double staining showed that JNK blockade increased paclitaxel-induced apoptosis (Fig. 5A) . In addition, immunoblotting showed that SP600125 increased levels of the 89-kDa cleaved fragment of nuclear PARP, one of the main cleavage targets of caspases, in paclitaxel-treated 4T1 cells (Fig. 5B) .
As aforementioned, CA-JNK did not enhance spontaneous apoptosis. To further investigate whether hyperactive JNK potentiates breast cancer cell survival, we treated control and CA-JNK-expressing MDA-MB-468 cells with paclitaxel and examined apoptosis using both sub-G 1 flow cytometry analysis and fluorescence cytotoxicity assays. In stark contrast to the well-known function of basal JNK activity, hyperactive JNK activation reduced cell apoptosis induced by paclitaxel ( Fig. 5C and D) . Immunoblotting showed that CA-JNK reduced levels of the 89-kDa PARP in MDA-MB-468 cells (Fig. 5E ). In addition, the ERK inhibitor U0126 impaired the effect of CA-JNK on PARP degradation (Fig. 5E ), suggesting that increased ERK activation mediates the effect of hyperactive JNK on cell survival.
Next, we conducted an apoptosis/survival protein antibody array analysis with control and CA-JNK-expressing MDA-MB-468 cells. Immunoblotting of the array showed that survival proteins such as Bcl-2, Bcl-X L , and claspin were upregulated by CA-JNK, whereas apoptosis proteins such as Bax, Bad, and cytochrome C were downregulated (Fig. 6) . Overexpression of the redox protein catalase has also been shown to promote apoptosis (37, 38) , as prolonged removal of intracellular reactive oxygen species is detrimental to cell functions. In summary, these data suggest that constitutive JNK activity in breast cancer cells inhibits apoptosis induced by cytotoxic drugs.
Discussion
The present study shows that persistent JNK activity does not spontaneously induce apoptosis. Instead, it enhances cell migration and invasion by increasing AP-1 and ERK activity. In our in vitro models, overexpression of JNK in human breast cancer cells was associated with the partial induction of EMT and decreased sensitivity to the anticancer drug paclitaxel; this effect was mediated by ERK signaling. Recent reports have shown that elevated JNK activation contributes to the pathogenesis and progression of human brain tumors, prostate carcinoma, and osteosarcoma (17) (18) (19) . Two clinical studies also show that levels of phosphorylated JNK correlate with breast cancer metastasis and decreased overall survival (20, 21) . Furthermore, increased JNK activity has been associated with acquired tamoxifen resistance in breast cancer (39, 40) . Although JNK is known to have antiapoptotic and proapoptotic functions, depending on the signaling network and stimuli (41) , the role of JNK signaling in breast cancer response to chemotherapy is poorly understood. Our studies reveal a novel positive feedback mechanism by which hyperactive JNK activity, unlike basal JNK activity, may promote tumor progression through activating IRS-2/ ERK signaling (Fig. 7) .
We found that hyperactive JNK elicited partial EMTwith a concomitant increase of ERK and AP-1 in breast cancer cells. It is well known that hyperactivation of ERK mitogenic stimulation typically results in the induction of EMT FIGURE 6. Antiapoptotic and proapoptotic proteins are regulated by sustained JNK activity. Cell lysates from control and CA-JNK-expressing MDA-MB-468 cells were analyzed using protein antibody arrays of proapoptotic or antiapoptotic proteins. Relative densitometry (see Materials and Methods) was used to compare levels of the proteins. Columns, mean of two independent experiments; bars, SD. P < 0.05, control versus CA-JNK. (31, 42) . Transforming growth factor-β reportedly induces EMT in human keratinocytes and mouse tracheal epithelial cells by mechanisms that involve JNK (43, 44) . Both JNK and ERK are upstream of AP-1 induction. In addition to the c-Jun phosphorylation at Ser63 and Ser73, AP-1 activity can also be potentiated through the increase of c-Fos expression by ERK-mediated TCF/Elk-1 phosphorylation (32, 45) . Jun can act as an effector of both JNK and ERK pathways during the development of Drosophila (46) . Our data in breast cancer cells support a model in which hyperactive JNK activates the ERK pathway and thereby stimulates c-Fos expression; c-Jun expression may be directly induced by JNK, as c-Jun is positively autoregulated by itself after its phosphorylation by JNK (47) . Consequently, high AP-1 activity leads to the expression of vimentin and fibronectin (48, 49) .
How might JNK upregulate ERK? Previously, Chen et al. (50) found that the phosphorylation of ERK and AP-1 DNA binding were concomitantly inhibited in JNK2(−/−) mice. One explanation is that IRS-2 mediates the JNK effect on ERK. The IRS network of upstream and downstream signaling may place IRS proteins in a central position to integrate and coordinate multiple signaling pathways (51, 52) . As is well known, IRS-2 and its homologue IRS-1 coordinate the signaling pathways elicited by insulin, IGFs, and cytokines. Interestingly, IRS-1 and IRS-2, despite their structural and functional similarities, are not completely interchangeable in terms of their mediation of IGF-stimulated gene expression and cell cycle progression (53) , as reflected by the distinct phenotypes in respective knockout and MMTV-IRS transgenic mice (54) (55) (56) . IRS-2 is required for breast cancer cell migration, invasion, and survival (33) . Interestingly, recent work suggests that IRS-2 but not its homologue IRS-1 may contribute to ERK signaling (53, 57) . We have also shown that transgenic mice with IRS-2 overexpression in the mammary gland develop mammary tumors with high ERK activation (22) . IRS-2 may serve as a link between the JNK and ERK pathways.
Another interesting finding in our study is that hyperactive JNK attenuated the apoptosis of breast cancer cells treated with the chemotherapy drug paclitaxel. This suggests that the role of JNK changes when its activity/expression increases above the basal levels associated with apoptosis. It has been proposed that the opposing roles of JNK in apoptosis and survival are determined by the time course of JNK activation (58): prolonged JNK activation is required for apoptotic signaling and is sufficient for apoptosis (59) , whereas transient JNK activation caused by tumor necrosis factor and other growth factors contributes to survival (60) . However, our data suggest that sustained JNK activation can induce cell survival, and this JNK effect may be mediated by IRS-2/ERK activation. IRS-2 null mammary tumor cells were more apoptotic in response to growth factor deprivation than their wild-type counterparts (33) . One surprising finding is that hyperactive JNK increases Bcl-2 survival protein and decreases apoptosispromoting proteins such as Bax and Bad. Inhibition of Bcl-2 and activation of Bax have been proposed to mediate the effect of JNK on cell death (61) . Thus, constitutively active JNK and transiently induced JNK play opposing roles in cell survival regulation. How hyperactive JNK regulates Bcl-2 family protein expression merits further investigation.
Recently, it has been found that hepatocyte death is associated with compensatory proliferation of surviving hepatocytes (62) , which may imply a novel mechanism of cancer therapeutic resistance, i.e., therapy-elicited apoptosis of tumor cells with basal JNK activity may release mitogens that induce persistent JNK activation in neighboring cells to promote growth and invasion. In summary, our findings identify a novel mechanism of cross-talk between the JNK and ERK signaling pathways. JNK activation may serve as a marker of breast cancer progression and might also be exploited as novel therapeutic targets.
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